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B*tiC$ti*n *2 An$Dysis 

After the CMMD Seminar by Sung Woo Yu on the subject of the x‐ray spectroscopy of 

UO2, there arose some questions concerning the XAS of UO2.  These questions can 

be distilled down to three issues. 

1. The validity of the data. 

2. The monchromator energy calibration. 

3. The validity of XAS component of the figure shown below. 

 
=es4Dts *2 An$Dysis 

The following will be shown. 

1. The data is valid. 

2. It is possible to calibrate the monchromator. 

3. The XAS component of the above picture is correct. 

The remainder of this document is in three sections, corresponding to the three 

issues.  This begins on the next page. 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/e1ti*n E. V$Di8ity *2 6$t$ 

There were six data ranges probed.  They correspond to the U 4d (hv = 720 – 800 

eV),  O1s (hv = 530 eV  ‐ 580 eV), the U 4f (hv = 380 eV – 410 eV), the U5p1/2 (hv = 

256 – 280),  the U5p3/2 (hv = 174 – 186 eV), the U 5d (hv = 90 – 140 eV).  The U4d 

was collected using the high‐energy grating and the others were all collected using 

the middle‐energy grating. These are shown below, reordered for ease of 

comparison. 

HigJ Energy Lr$ting 
U>8 =egi*n 
 
MEN O M*t$D eDe1tr*n NieD8 
MPN O M*t$D PD4*res1en1e NieD8 

 
There really isn’t any doubt about the 
validity of the data above.  This looks 
pretty much like the U4d’s should.  Of 
course, there is always the issue of 
backgrounds.  Given the constraints 
placed upon the experimentalists by 
the ALS, that only a very small sample 
(1 mm x 1 mm surface area) could be 
used, background variations and low 
signal rates are not unexpected.  The 
x‐ray beam was larger than the 
sample and any misalignment could 
cause contributions from other 

materials such as the sample holder 
and sample supports.  Thus, what you 
see above is reasonable. 
Q$DR*SsRi $n8 Q$in8D et $DT U=9 V?T 
W@@A (EYZA).

 
Kalkowski and Kaindl ‘s paper is 
considered the gold standard for XAS 
of U.  As you can see, our U4d’s for 
UO2 fall in the same energy range as 
theirs for U metal and UF4. 
 B**re et $DT U=9 AVT \VVE\Y (W\\@) 

 
For the sake of completeness,  a 
comparison with UO2 High Energy 
EELS is included here.  Again, our U 4d 
XAS is consistent with the EELS result.



!"r$y Abs*r+ti*n /+e1tr*s1*+y *2 Ur$ni45 6i*7i8e 
  9$se8 4+*n ::;:"<=;:">?>@A> 

Tobin and Yu, LLNL         9 December 2010        14 pages total                              Page  3 

Bi88De Energy Lr$ting 
]Es =egi*n"]Es Pirst ]r8er 

 
U?+E^W =egi*n"]Es /e1*n8 ]r8er 

 
U?+V^W =egi*n"]Es MJir8 ]r8er 

 
 

]EsT <*DDet et $DT <U_B YT YVYV (EYYA) 

 
The bad news: the U5p’s are overwhelmed by 
the O1s in 2nd and 3rd order.  The good news: 
this will allow us to calibrate the middle grating 
perfectly.  The other good news, all of our TFY’s, 
1st, 2nd and 3rd order, are consistent with each 
other and all of our TEY’s, 1st, 2nd and 3rd order, 
are consistent with each other.  The TFY’s are a 
better measure of the bulk electronic structure, 
with TEY’s more sensitive to surface 
modification.  However, our TEY’s are 
consistent with the TEY of Jollet et al.  The work 
by Magnuson et al, [Magnuson, Butorin, Werme, 
Nordgren, Ivanov, Guo, and Shuh,  
Applied Surface Science 252, 5615 (2006)] 
for UO2 etc is more problematic, possibly 
representing surface effects in their 
TEY’s.  ]4r MPN`s sJ*4D8 be $ reDi$bDe 
5e$s4re *2 tJe b4DR eDe1tr*ni1 
str41t4re.
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Bi88De Energy Lr$ting 
U >2 =egi*n   

 
Ur$ni45 >2 EE:/T B*serT 6eDDeyT 
/1Jnei8er $n8 9$erT U=9 WYT WY>A 
(EYZ>) 

 
 

 MJ*ri45 >2 EE:/T B*serT 6eDDeyT 
/1Jnei8er $n8 9$erT U=9 WYT WY>A 
(EYZ>) 

 
B**re et $DT U=9 @YT EYVE\> (W\\>) 

!"#$"%&"'()*"+%,*"%-.,"(',/("%'0+%&1%2'(%345567%2.0+%'08%9:2%;4<=%%>!"#--%?""@%
-11?.0A===B%C1D"$"(E%D"%*'$"%21/0+%9:2%FFG<%'0+%7*:2%FFG<E%'&%&*1D0%'H1$"=%%I(1J%
1,*"(%"K@"(.J"0,&E%D"%?01D%,*',%;4<%'0+%FFG<%)'0%A.$"%,*"%&'J"%'0&D"(E%.2%,*"%
"K).,',.10%"0"(A8%.&%*.A*%"01/A*%.0%FFG<=%><""%,*"%"K'J@-"%D.,*%3"%'H1$"=B%7*"%7*%:2%
FFG<%&*1D&%,*',%,*"8%'("%)10$"(A.0A%,1%,*"%*.A*%"0"(A8%-.J.,%'H1$"%LMMM%"N%'0+%,*"%9%
:2%FFG<%D'&%,'?"0%',%LOMM%"NE%&1%.,%&""J&%-.?"-8%,*',%,*.&%9%:2%FFG<%&*1/-+%H"%,*"%&'J"%'&%
9%:2%;4<=%%7*"%9:2%;4<%7IP%-11?&%-.?"%.,%*'&%,*"%&'J"%@"'?%&,(/),/("%'&%,*"%9%:2%FFG<E%.2%
10"%+.&)1/0,&%,*"%("A.10%0"'(%:MM%"N%D.,*%,*"%5.,(1A"0%)10,'J.0'0,=%%7*"%2'),%,*',%,*"%
9%:2%;4<%7IP%.&%&1%+.22"("0,%,*'0%,*"%9:2%;4<%7FP%)'0%H"%"K@-'.0"+%H8%&,(10A"(%&/(2')"%
"22"),&%.0%7FPE%D*.)*%)'0%'-&1%H"%&""0%.0%,*"%6L&%;4<E%&*1D0%10%,*"%@("$.1/&%@'A".  So, 
we think that this is pretty strong evidence that the U4f7/2 XAS TFY is legitimate. 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Bi88De Energy Lr$ting 
U ?8 =egi*n  

 
U ?8T  C$n Q$5+en et $DT  
U=A @ET \@WA\@ (W\\\) 

 
 
    The above result is for an atomic U. 
 

 
ErtD $n8 Q4e++ersT a:*S Energy 
EDe1tr*ns $n8 /4r2$1e _Je5istryTa 
VerD$g _Je5ieT 6"@Y> beinJei5T 
EY@>T $2ter  Q. /eigb$Jn et $DT aE/_A 
A++Die8 t* Pree B*De14DesTa ;*rtJ 
H*DD$n8T A5ster8$5T EY@Y 
 
The issue of the weakness of the signal 
in TEY relative to TFY for the U4f and 
U5d  may not be merely a sample size 
(signal vs background) or surface 
effect. (TEY is more surface sensitive.)  
It may also reflect the different 
fundamental efficiencies of TFY vs 
TEY. As shown in the figure above, 
TFY gains relative to Auger as Z 
increases, at least for the K edges 
shown.  Of course, there can be edge 
specific effects: e.g., the U4d has a 
fairly strong TEY, the U4f and U5f 
don't. Nevertheless, Auger Emission 
drives TEY and X‐ray emission is the 
source of TFY.  The z dependence 
helps explain why the O1s has both 
TEY and TFY and the U seems to be 
losing the TEY but not the TFY. 

 
Once again, we see that our TFY compares well with the literature and that the TEY 
has some sort of problem.  Ag$inT tJis in8i1$tes tJ$t tJe MPN is Degiti5$te. 
 
_*n1D4si*nc MJe MPN s+e1tr$ $re Degiti5$te 5e$s4res *2 tJe b4DR eDe1tr*ni1 
str41t4re. 
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/e1ti*n W.  B*n*1Jr*5$t*r Energy _$Dibr$ti*n 
 
HigJ Energy Lr$ting 
From the data on page 2 for the U4d region, it appears that the grating calibration is 
essentially dead on.  This is not surprising, since the 3d transition metal L edges are 
in this range and many people want to work at those edges.  Thus, the ALS is fairly 
highly motivated to keep those calibrations up to date. 
 
Bi88De Energy Lr$ting 
From the O1s data on page 3, for the edges seen with 1st, 2nd and 3rd order light, it is 
clear that this grating needs to be calibrated.  This is where the advantage of having 
three measurements of the same edge with first, second and third order light 
becomes so valuable. 
 
Most grating errors, particularly for an SGM, which is just a high‐energy Seya‐
Namioka, are caused by a misalignment of the grating zero, i.e. driven by a single Δλ.  
If this is true, then the errors should scale with E‐squared. 
 
E = hv   =  hc/λ                                with vλ = c 
 
dE = ‐hc(dλ) /λ2  = ‐ E2(dλ)/hc 
 
ΔE =  ‐ E2(Δλ)/hc                           with  hc = 12400 eV‐Angstroms 
 
 
Order  Uncorrected Energy(eV)  Unknown Value(eV)   Energy Correction (eV) 
  E              ‐ E2(Δλ)/hc                            
1st  534.5        E0      ‐23.04 Δλ 
 
2nd   265..5        (1/2) E0    ‐5.68 Δλ 
X2  531        E0      ‐11.36 Δλ 
 
3rd  176.5        (1/3) E0    ‐2.51 Δλ 
X3  529.5        E0      ‐7.53 Δλ 
 
Using the relations in red, there are three equations and two unknowns.  We can 
back out the unknowns, E0 and Δλ, by a linear regression using y = E and x =  E2/hc.  
Then the slope of the line, m, and the intercept, b, give us the following. 
 
m = ‐ Δλ     and    b = E0 
 
From our analysis, E0 = 527 eV and Δλ = 0.3 angstroms, as shown on the following 
page. 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Bi88De Lr$ting _$Dibr$ti*n 

 
 
The error bars arise from the assumption of +/‐ 0.5 eV error in the determination of 
the photon energies.  This is probably too big.  For the second and third order cases, 
because we double and triple the energies, respectively, the error also gets doubled 
or tripled.  There should also be an error for x, from propagating the energy error 
through the multiplication, but the y error is probably enough to give us a good 
significant figure estimate. 
 
This is low tech, but it works. 
 
 
 
 
When we shift the spectra, we get the result on the next page. 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Of course, we can re‐plot all of this to make it look nice, as shown on the next page. 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We find this quite convincing and hope that you do as well.
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/e1ti*n V. _*5+$ris*n *2 /+e1tr$ 
Having a correct energy calibration for both the high and middle energy grating will 
then '--1D us to test the method that Sung Woo proposed in his talk.  Note that while 
the U4d spectrum has the correct hv already, the U4f will need to shifted by the 
same relation as on page 6,  ΔE = ‐ E2(Δλ)/hc = ‐ (380)(0.3)/12400) = ‐ 3.5.  Then, 
the binding energies for each core level are subtracted, using our XPS spectra for 
UO2, which agree with the literature for UO2.  Below are our spectra, with those 
from the literature. (All of these are in our MRS Proceedings, a copy of which is 
attached separately.) 
 
 
Here are our XPS spectra, with the 
comparison to the literature values. 
 
 

    
 

 

 

 
The article is JG Tobin, S‐W Yu, BW 
Chung and GD Waddill,  Mater. Res. 
Soc. Symp. Proc. EW@>, 1264‐Z11‐06 
(2010). 
 
For UO2, From Baer and Schones, 
Solid State Commun. 
BE (O1s) = 530.5 eV (from plot) 
BE (U4d7/2) = 380 eV (from plot) 
 
For UO2, From G.C. Allen et al, Phil. 
Mag. 1981 
BE (U4d7/2) = 380.25 eV (average) 
BE (U4d5/2) = 738.5 eV (average) 
 
The result of the comparison is shown 
on the next two pages.  The second 
page is a blow‐up of the first. 
 
 



!"r$y Abs*r+ti*n /+e1tr*s1*+y *2 Ur$ni45 6i*7i8e 
  9$se8 4+*n ::;:"<=;:">?>@A> 

Tobin and Yu, LLNL         9 December 2010        14 pages total                              Page  11 



!"r$y Abs*r+ti*n /+e1tr*s1*+y *2 Ur$ni45 6i*7i8e 
  9$se8 4+*n ::;:"<=;:">?>@A> 

Tobin and Yu, LLNL         9 December 2010        14 pages total                              Page  12 

 
As you can see, we are back to something very close to what the figure on page 1 
showed earlier.  However, this is probably better.  The U4d’s have a huge lifetime 
broadening, giving rise to a Lorentzian, almost triangular, peak shape.  The 
threshold may well be in the center of the white line peak, consistent with the 
alignment above.  On the next page, we re‐plot all of this. 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Here, we use “Normalized Energy,” 
which is essentially the O1s photon 
energy. 
 
Normalized Energy = NE 
 
NE = hv – [BE – BE(O1s)] 
  
with  
hv = Photon Energy  
and  
BE = Binding Energy from XPS 

 
O1s  NE = hv (O1s) 
 
U4f    NE = hv (U4f) – [BE(U4f) – BE (O1s)] 
 
U4d    NE = hv (U4d) – [BE(U4d) – BE (O1s)] 
 
There was some concern voiced about subtracting binding energies (from XPS) from 
photon energies (from XAS), because of the different final states and concomitant 
effects such as screening, shielding, relaxation etc.  (See below.) 
 
XPS = X‐ray Photoelectron Spectroscopy  
(Core)a(Valence Band)b + hv  !  (Core)a‐1(Valence Band)b  + e‐ 
 

XAS = X‐ray Absorption Spectroscopy 
(Core)a(Valence Band)b + hv  !  (Core)a‐1(Valence Band)b+1  
 
As the plot on the previous page suggests, all of these effects appear to cancel out.  
We can make that cancellation more obvious by using the Normalized Energy and 
subtracting a difference of XPS BE’s, which will remove any question of reference 
points in the measurements.
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An ADtern$tiCe A++r*$1Jc MJresJ*D8 An$Dysis 
 
While we are quite confident of the result derived from using photon energies and 
binding energies, there is a completely independent approach that will give almost 
exactly the same result.  In the U4d spectra, there is a very strong lifetime 
broadening, which gives rise to a Lorentzian or triangular peak shape.  The 
threshold is probably directly under the centroid of the peak.  However, if one were 
to take a contrarian viewpoint, one could define the threshold as the beginning of 
the peaks spectral intensity.  Then one could align all of the spectra based upon the 
thresholds, arguing that this represents the Conduction Band Minimum (CBM).  If 
one follows through on this analysis, the result below is obtained, which is almost 
identical to the result on the previous page. 
Either way, one ends up with something that looks very much like the XAS result on 
page 1. 

 
At this point, we see no show‐stopping problems and propose that we continue with 
re‐submission of the article, modifying it first to respond to the referee reports from 
PRL. 


